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Carbon-rich  silicon  oxycarbide  ceramics  (SiOC)  prepared  via  thermal  conversion  of  polyorganosiloxane 
demonstrate  high  lithiation  capacity  and  reliable  rate  capability  when  used  as  anode  material  in  Li-ion 
batteries.  The  electrochemical  properties  of  carbon-rich  SiOC  are  strongly  related  to  microstructure 
and  phase  composition,  dependent  on  final  pyrolysis  temperature.  Both,  the  increasing  organization  of 
free  carbon  segregated  within  the  microstructure  and  the  gradual  degradation  of  the  amorphous  Si-O-C 
network  with  increasing  pyrolysis  temperature  (Tpyr)  lead  to  reduced  capacities  and  changing  voltage 
profiles.  Within  our  study,  the  highest  registered  capacity  of  660  mAh  g-1  for  Tpyr  =  900  °C  dropped 
below  80  mAh  g-1  for  SiOC  pyrolyzed  at  2000  °C.  A  continuous  decrease  in  capacity  is  observed,  when 
increasing  Tpyr  stepwise  by  100  °C,  which  can  be  explained  by  major  microstructural  changes.  First,  the 
free  carbon  within  the  ceramic  microstructure  organizes  toward  higher  ordered  configurations,  as 
determined  by  Raman  spectroscopy.  Second,  X-ray  powder  diffraction  demonstrates  a  decomposition  of 
the  amorphous  Si-O-C  network  resulting  in  SiC  crystallization  and  growth  of  SiC  domains.  Simulta¬ 
neously,  FTIR  spectroscopy  shows  a  strong  increase  of  Si-C  vibration  with  Tpyr,  while  Si— O  vibration 
diminishes  and  almost  disappears  after  annealing  at  1700—2000  °C.  According  to  our  study  we  find,  that 
i)  increasing  carbon  organization  provides  less  Li-ion  storing  sites,  ii)  gradual  Si— 0— C  network  decom¬ 
position  reduces  the  structural  stability  of  the  free  carbon  phase  and  iii)  formation  of  electrochemically 
inactive  SiC  account  for  reduced  capacities  and  changing  voltage  profiles  with  increasing  Tpyr- 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer-derived  silicon  oxycarbide  ceramics  (SiOC)  containing 
a  high  amount  of  free  carbon  within  their  microstructure  attracted 
attention  as  alternative  anode  material  for  Li-ion  batteries  [1—5]. 
Polymer  derived  SiOC  is  synthesized  via  pyrolysis  of  poly- 
organosiloxanes  in  protective  atmosphere  by  a  polymer  precursor  to 
ceramic  conversion  [6].  The  lithiation  capacity  of  carbon-rich  SiOC  is 
closely  related  to  its  microstructure  and  phase  composition.  The 
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material  consists  of  an  amorphous  Si— 0— C  network  in  coexistence 
with  an  interpenetrating  free  carbon  network  [7,8].  In  this  structure, 
the  segregated  carbon  serves  as  Li-ion  host,  offering  a  large  variety 
of  Li-storing  sites  due  to  its  disordered  nature.  Major  storing  sites 
are:  Edges  of  graphene  sheets,  interstitial  spaces  between  graphene 
layers,  micro-  and  nanopores,  graphite  nano-crystallites,  interfacial 
and  defect  sites.  On  the  contrary,  the  amorphous  Si-O-C  network 
plays  a  stabilizing  role  toward  the  free  carbon  and  does  not  actively 
contribute  to  Li-ion  storage  [1,4,5]. 

The  results  presented  in  this  paper  are  along  with  our  recent  study 
on  carbon-rich  SiOC  anodes  derived  from  a  commercial  preceramic 
polymer,  namely  Polyramic®  RD-684a  [4,5].  Both  studies  suggest 
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an  influence  of  i)  the  polymer  pretreatment  and  ii)  the  final 
pyrolysis  temperature  on  the  electrochemical  properties 
of  SiOCRD684  due  to  the  attained  microstructural  features.  For 
further  clarification  a  comprehensive  sample  series  was  prepa¬ 
red  within  the  temperature  range  between  900  and  2000  °C 
and  systematically  studied  by  means  of  XRD,  Raman-  and  IR- 
spectroscopy  and  elemental  analysis,  as  well  as  by  electrochemical 
methods.  The  characterization  of  the  samples  prepared  at  1100  and 
1300  °C  already  discussed  in  reference  [5]  is  for  the  coherence  recalled 
in  the  present  work.  The  collected  data  clearly  outline  a  strong 
correlation  between  the  final  pyrolysis  temperature,  ceramic  micro¬ 
structure  evolution  and  achievable  electrochemical  performance. 

2.  Experimental 

2.1.  Sample  preparation 

Ten  samples  of  carbon-rich  SiOC  were  prepared  via  pyrolysis  of 
polyorganosiloxane  Polyramic®  RD-684a  (SiOCRD684,  Starfire 
Systems  Inc.,  USA)  in  protective  atmosphere.  Prior  to  pyrolysis,  the 
polymer-precursors  were  thermally  cross-linked  at  400  °C  for  3  h. 
Cross-linking  and  pyrolysis  were  carried  out  under  a  steady  flow  of 
purified  argon  and  heating  rates  were  adjusted  to  50  °C  h-1  for 
cross-linking  and  100  °C  h-1  for  pyrolysis.  The  final  ceramization 
temperature  ranged  from  900  to  2000  °C  with  a  holding  time  of  3  h. 
For  the  treatment  at  900-1100  °C  a  horizontal  tube-furnace  with 
standard  Schlenk- technique  was  used.  Pyrolysis  between  1200  and 
1700  °C  was  carried  out  in  a  horizontal  alumina  tube  furnace  and 
for  the  2000  °C  sample  an  Astro  graphite  furnace  was  used.  In  the 
following,  samples  are  denoted  according  to  their  final  pyrolysis 
temperature  (Tpyr),  e.g.  SiOCnoo- 

2.2.  Characterization  methods 

XRD  analysis  was  carried  out  at  a  Bruker  D8  Advance  (Bruker, 
USA),  using  Ni-filtered  Cu  I<a  radiation.  Mirco-Raman  spectra  were 
performed  on  a  confocal  micro-Raman  spectrometer  Horiba  HR 
800  (Horiba,  Japan),  using  an  Ar-Ion  laser  with  a  wavelength  of 
514.5  nm.  Infrared  spectra  were  recorded  with  a  Bruker  Vertex  70 
FT-IR  spectrometer  (Bruker,  USA)  in  transmission  geometry,  using 
KBr  pellets.  For  elemental  analysis,  a  carbon  analyzer  Leco-200 
(Leco  Corporation,  USA)  was  used  to  determine  the  carbon 
content  and  an  N/O  analyzer  Leco  TC-436  (Leco  Corporation,  USA) 
to  determine  the  oxygen  content  in  the  samples.  The  silicon  frac¬ 
tion  was  calculated  as  the  difference  to  100  wt-%  of  the  sum  of  the 
wt-%  values  of  carbon  and  oxygen,  assuming  a  negligibly  small 
amount  of  hydrogen  and  no  other  elements  present  in  the  samples. 

2.3.  Electrode  preparation 

Pyrolyzed  samples  (SiOCgoo— SiOC2ooo)  were  hand-ground  to 
a  fine  powder  and  processed  in  the  following  way:  85  wt-%  sample 
material  (referred  to  as  active  mass)  were  mixed  with  5  wt-% 
Carbon  black  SuperP®  (Timcal  Ltd.,  Switzerland)  and  10  wt-%  pol- 
yvinylidene  fluoride  (PVdF,  SOLEF  Solvay,  Germany)  solved  in  N- 
methyl-2-pyrrolidone  (NMP,  BASF,  Germany).  The  obtained  slurry 
was  homogenized  and  tape  casted  on  the  rough  side  of  10  pm  thin 
copper  foil  (SECu58,  Schlenk  Metallfolien  GmbH,  Germany).  Wet- 
film  thickness  was  adjusted  to  130  pm.  The  loading  of  active 
material  after  solvent  evaporation  was  about  3.3  mg  cm-2.  Circular 
electrodes  were  cut  and  dried  under  vacuum  in  a  Buchi  oven  at 
80  °C  for  24  h,  before  transferred  to  an  argon  filled  glove-box  with 
H2O/O2  contamination  <  1  ppm  (MBraun  Glove  Box  Systems, 
Germany).  Measuring  cells  of  two-electrode  Swagelok®  type  were 
assembled,  using  metallic  lithium  foil  (99.9%  purity,  Alfa  Aesar, 


USA)  as  reference/counter  electrode,  1  M  LiPF6  in  EC:DMC,  ratio  1:1 
(LP30,  Merck  KGaA,  Germany)  as  electrolyte  and  Whatman™  glass 
fiber  filter  (Whatman™,  UK)  as  separator.  Hermetically  closed  cells 
were  connected  to  a  VMP3  multipotentiostat  (BioLogic  Science 
Instruments,  France)  and  studied  by  galvanostatic  cycling  with 
potential  limitation  (GCPL).  GCPL  measurements  were  performed 
between  0.005  and  3  V  (E  vs.  Li/Li+)  at  charging/discharging 
currents  of  37,  74  and  372  mA  g-1.  Within  one  charging¬ 
discharging  cycle,  the  same  current  rates  were  applied  and  capac¬ 
ities  were  recalculated  to  the  initial  amount  of  active  mass. 

3.  Results  and  discussion 

3.1.  X-ray  powder  diffraction 

Fig.  1  presents  the  X-ray  diffraction  patterns  prior  reported  for 
SiOCgoo-SiOCi4oo  [5],  completed  with  samples  prepared  between 
1500-2000  °C.  From  900  to  1200  °C  the  samples  remain  X-ray 
amorphous  [5],  while  from  1300  to  2000  °C  SiC  crystallization  is 
detected  in  consequence  of  a  carbothermal  reaction  of  silica  with 
carbon  [9].  As  a  result,  the  amorphous  Si-O-C  network  gradually 
decomposes.  With  increasing  Tpyr  from  1300  to  2000  °C,  the 
diffraction  intensity  related  to  SiC  increases  and  the  signal  width  gets 
narrower,  indicating  growth  of  SiC  domains.  At  lower  temperatures, 
a  weak  signal  appears  at  26.5°  related  to  diffraction  at  graphitic 
carbon  within  the  free  carbon  phase.  Furthermore,  a  broad  hump 
around  43°  is  recognized,  originating  from  arbitrary  diffraction  at 
graphene  sheets,  characteristic  for  disordered  carbons  [10,11  ].  Except 
for  SiOC2ooo,  the  graphite  reflexes  are  weak,  suggesting  the  segre¬ 
gated  carbon  of  predominantly  amorphous  nature.  The  observed 
graphitization  at  2000  °C  is  characteristic  for  disordered  soft  carbon 
and  emphasizes  the  increasing  carbon  organization  with  Tpyr  [  12,13  ]. 
Both  findings  are  in  good  agreement  with  the  results  obtained  by 
Raman  and  FTIR  spectroscopy,  discussed  in  the  following  sections. 

3.2.  Raman- spectroscopy 

Micro-Raman  spectroscopy  was  performed  to  further  analyze 
the  structural  development  of  the  segregated  carbon  with 


2  9  [°],  Cu  Ka 

Fig.  1.  XRD  pattern  of  the  samples  SiOC  900-2000  °C. 
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increasing  Tpyr.  The  recorded  spectra  are  shown  in  Fig.  2.  For  all 
temperatures  the  characteristic  carbon  vibrations  are  present:  The 
D-band  around  1350  cm-1,  the  G-band  around  1580  cm-1,  the  2D 
vibrations  at  2440,  2700  and  3200  cm-1  and  the  D  +  G  combi¬ 
nation  mode  at  2950  cm-1.  In  all  spectra  the  integral  intensity  of 
the  D-band  I  (AD)  is  stronger  than  that  of  the  I  (AG),  proving  the 
disordered  nature  of  the  segregated  carbon.  Integral  intensities 
were  obtained  by  Lorentzian  fit  of  D-  and  G-band  within  each 
spectrum  [14].  With  increasing  Tpyr,  the  D-  and  G-band  get  more 
narrow  and  distinct  due  to  i)  a  decreasing  number  of  intrinsic 
defect  sites,  ii)  disappearance  of  residual  C-FI  bonds  present  at 
lower  Tpyr  and  iii)  vanishing  of  dangling  bonds.  Simultaneously,  the 
intensity  of  the  2D  vibrations  strongly  increases,  demonstrating 
increasing  structural  carbon  organization  and  graphitization 
toward  2000  °C  [15—19].  In  contrast,  no  trace  of  the  Raman  signal 
from  SiC  can  be  detected,  probably  because  of  both  the  relatively 
low  level  of  SiC  segregation  and  the  reduced  size  of  the  formed  SiC 
domains  [9]. 

The  integral  intensities  I  (AD)  and  I  (AG)  for  each  temperature 
and  the  dimensions  of  the  corresponding  carbon  crystallite  sizes 
(La),  calculated  by  the  general  valid  equation  (Eq.  (1))  reported  by 
Cancado  et  al.  [15],  with  laser  wavelength  A  =  514  nm,  are 
summarized  in  Table  1.  The  increase  in  carbon  crystallite  size  with 
Tpyr  perfectly  matches  the  found  increase  in  carbon  organization  by 
means  of  Raman  2D  bands.  The  sample  SiOCgoo  shows  a  larger  La 
than  SiOCiooo  which  is  not  in  agreement  with  the  general  trend 
presented  in  Table  1.  Flowever,  for  this  sample  the  pyrolysis 
temperature  of  900  °C  was  most  likely  too  low  to  eliminate  residual 
C-FI  bonds  within  the  carbon  phase,  as  suggested  by  the  D-band 
shoulder  toward  lower  wavenumbers.  This  so  called  I-mode  is 
representative  for  the  presence  of  mixed  sp2-sp3-hybridized 
carbon  [14]. 

Ii(„m)-(2.4x10-|o)A-'(|i^|)"  (1) 

Eq.  (1 ).  Equation  used  for  the  estimation  of  the  carbon  crystallite 
size  La  [15]. 


Table  1 

Estimated  carbon  crystallite  size  La  in  dependence  of  rpyr,  calculated  by  Eq.  (1). 


Tpyr  [°C] 

/(Ad) 

/(Ac) 

La  [nm] 

900 

134 

42 

5.25 

1000 

142 

42 

4.95 

1100 

194 

58 

4.99 

1200 

143 

50 

5.86 

1300 

171 

64 

6.25 

1400 

114 

47 

6.91 

1500 

102 

54 

8.87 

1600 

89 

51 

9.60 

1700 

88 

51 

9.71 

2000 

71 

54 

12.74 

3.3.  FTIR-spectroscopy 

Fig.  3  presents  the  FTIR  spectra  for  SiOCgoo-SiOC2ooo-  In  all 
spectra  characteristic  bands  for  Si-0  and  Si-C  vibrations  are 
visible,  originating  from  Si04_xCx  (x  =  1-4)  mixed  bonds  as 
building  units  of  the  amorphous  Si— O-C  phase  and  form  crystal¬ 
line  SiC  formed  at  higher  annealing  temperatures.  At  455  cm-1  Si— 
O-Si  rocking  vibration  and  around  790  cm-1  O-Si-O  band 
bending,  overlapping  with  Si-C  stretching  vibration  at  830  cm-1,  is 
found.  The  weak  absorption  at  620  cm-1  is  also  due  to  Si— C 
vibration.  The  broad  absorption  in  the  range  of  1000-1060  cm-1 
originates  from  Si— O,  similar  to  vitreous  silica  showing  absorp¬ 
tion  at  1090  cnrr1.  The  shift  to  lower  wavenumbers  indicates  that 
Si-0  bonds  are  barely  located  in  Si04  coordination  but  rather  in 
random  Si04_xCx  mixed  bonds  [20-23]. 

With  increasing  temperature  of  pyrolysis  the  intensity  of  the  Si- 
O  bands  at  455  cm-1  and  1000-1600  cnrr1  strongly  diminishes. 
Especially  the  band  at  455  cm-1  completely  disappears  for 
SiOCi5oo-SiOC2ooo-  Simultaneously,  a  significant  intensity  increase 
and  a  shift  of  the  overlapping  Si-0  and  Si— C  vibration  around 
800  cm-1  are  found.  At  900  °C,  the  Si-0  vibration  is  dominating 
with  a  characteristic  absorption  maximum  at  790  cm-1.  But  already 
for  the  sample  annealed  at  1300  °C,  this  maximum  is  shifted  toward 


Wavenumber  [cm'1] 


Fig.  2.  Raman  spectra  of  the  samples  SiOC  900-2000  °C. 


Fig.  3.  FTIR  spectra  of  the  samples  SiOC  900-2000  °C. 
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830  cm-1,  indicating  a  significant  decrease  of  the  Si-0  contribution 
and  a  strong  increase  of  Si-C  vibration.  For  the  samples  SiOCi7oo 
and  SiOC2ooo,  Si-C  vibration  at  830  cm-1  and  820  cm-1  is  detected, 
exclusively. 

The  development  of  the  Si-0  and  Si— C  absorption  bands  with 
Tpyr  outlines  the  progressive  degradation  of  the  Si-O-C  network, 
characterized  by  the  disappearance  of  Si-0  intensity  and 
increasing  dominance  of  Si— C  vibration.  This  result  well  correlates 
with  the  found  SiC  crystallization  and  SiC  domain  growth  for  the 
samples  SiOCi3oo— SiOC2ooo  by  means  of  XRD.  For  completeness, 
the  bands  located  at  1350  and  1580  cm-1  for  SiOC2ooo  are  related  to 
graphitic  carbon  vibration  [24]. 

3.4.  Elemental  analysis 

Table  2  presents  the  results  obtained  from  elemental  analysis 
for  representative  samples  from  the  series  SiOC9oo-SiOC2ooo- 
Based  on  the  chemical  composition  an  empirical  formula  for  the 
SiOC  stoichiometry  can  be  derived  and  the  amount  of  free  carbon 
segregated  in  the  microstructure  quantified  (see  Table  2)  [25,26]. 
For  SiOCiooo-SiOCi4oo,  the  chemical  composition  is  similar  and 
the  free  carbon  content  is  exceptionally  high  with  about  41  wt-%. 
Up  to  an  annealing  temperature  of  1300  °C,  the  amount  of  oxygen 
is  stable,  but  starts  to  diminish  significantly  beyond  1400  °C  due 
to  oxygen  outgassing  in  form  of  CO  and  SiO.  This  decrease  in 
oxygen  content  illustrates  the  ongoing  Si-O-C  decomposition,  as 
analyzed  by  XRD  and  FTIR  spectroscopy.  At  2000  °C  almost  no 
oxygen  is  present  anymore.  In  consequence  of  the  reduced 
oxygen  amount,  the  carbon  and  silicon  content  increases  for  the 
samples  heat-treated  at  1400  °C  and  higher.  On  the  contrary,  the 
total  amount  of  free  carbon  drops  at  higher  Tpyr,  due  to  the  loss  of 
CO. 

3.5.  Electrochemical  performance 

The  characteristic  first  cycle  lithiation/delithiation  profiles  for 
SiOCgoo-SiOC2ooo  are  presented  in  Fig.  4,  all  recorded  with 
a  current  rate  of  37  mA  g-1.  All  cycles  show  significant  hysteresis 
during  Li-insertion/extraction  with  coulombic  efficiencies  between 
61.5%  (SiOCnoo)  and  20.5%  (SiOCnoo)-  The  registered  reversible 
capacities  diminish  with  increasing  Tpyr  from  738  mAh  g  1  for 
SiOCgoo  to  75  mAh  g-1  for  SiOC2ooo-  Table  3  summarizes  the 
measured  values  for  the  first  charging  capacity  (Cch),  reversible 
capacity  (Crev).  irreversible  capacity  (Qrr)  and  corresponding 
coulombic  efficiency  (q).  The  columbic  efficiency  has  been  calcu¬ 
lated  as  the  ratio  Crev/Cch  x  100%.  The  electrochemical  behavior  of 
the  samples  SiOCnoo  and  SiOCgoo  has  already  been  discussed  in  [5] 
within  the  context  of  the  advantages  of  various  cross-linking 
methods  [4,5].  The  potential  vs.  capacity  curves  for  the 
mentioned  samples  are  re-called  in  Fig.  4  for  its  completeness. 

In  general,  voltage  profiles  for  SiOCgoo-SiOCisoo  appear  quite 
similar,  showing  a  long  sloping  plateau  between  0.4-0.005  V  in 


Table  2 

Elemental  analysis  of  SiOCRD684  prepared  upon  pyrolysis  between  900  °C  and 
2000  °C  (*  —  normalized  to  one  silicon  atom). 


Tpyr  [°C] 

Si  [wt-%] 

O  [wt-%] 

C  [wt-%] 

Empirical 

formula* 

Free  carbon 
[wt-%] 

900 

30.35 

22.07 

47.58 

SiO1.28C3.67 

42.88 

1100 

33.25 

17.55 

49.20 

SiO0.93C3.46 

41.57 

1300 

33.24 

17.65 

49.11 

SiO0.93C3.46 

41.52 

1400 

34.43 

14.24 

51.33 

SiO0.73C3.49 

41.95 

1600 

41.26 

3.19 

55.55 

SiOo.14C3.15 

39.10 

2000 

43.41 

0.04 

56.55 

SiC3.Q5 

38.00 

Fig.  4.  First  cycle  lithiation/delithation  profile  for  SiOC  a)  900-1300  °C  (curves  1-5) 
and  b)  1400-2000  °C  (curves  6-10). 


the  cathodic  branch,  which  is  related  to  Li-ion  storage  in  the 
disordered  carbon  phase.  In  the  anodic  branch,  most  of  the  charge 
is  continuously  recovered  below  1.5  V  (SiOCgoo-SiOCi4oo).  Similar 
voltage  profiles  were  reported  for  carbon-rich  SiOC  and  disor¬ 
dered  soft  or  hydrogen  containing  carbon  [1,4,5,12,27].  Voltage 
profiles  of  SiOCi6oo  and  SiOCnoo  appear  different,  showing  an 
additional  plateau  at  0.95  V  in  the  cathodic  branch,  followed  by 
steeply  sloping  toward  0.5  V  and  further  sloping  to  0.005  V. 
Similar  behavior  has  been  reported  and  discussed  for  carbon-rich 
SiCN  ceramics  pyrolyzed  at  2000  °C  by  Graczyk-Zajac  et  al. 
[28].  During  the  lithium  extraction  less  than  160  mAh  g1  of 
charge  is  recovered  for  SiOCisoo-SiOCnoo  with  coulombic 


Table  3 

Comparison  of  the  first  cycle  charging  capacity,  reversible  capacity,  irreversible 
capacity  and  coulombic  efficiency  for  the  samples  SiOC  900—2000  °C. 


Tpyr  [°C] 

Cch  [mAh  g  h 

Crev  [mAh  g  h 

Cirr  [mAh  g  ^ 

V  [%1 

900 

1277 

738 

539 

57.8 

1000 

1028 

614 

414 

59.7 

1100 

866 

532 

334 

61.5 

1200 

828 

471 

357 

56.9 

1300 

658 

374 

284 

56.8 

1400 

641 

313 

328 

48.8 

1500 

471 

141 

330 

29.9 

1600 

686 

154 

532 

22.4 

1700 

621 

128 

493 

20.6 

2000 

163 

75 

88 

46.0 
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efficiencies  <  30%.  The  sample  pyrolyzed  at  2000  °C  demonstrates 
the  lowest  reversible  capacity  among  the  studied  series 
(75  mAh  g_1),  however  the  cycling  efficiency  again  increases,  from 
20.6%  for  SiOCnoo  to  46.0%  registered  for  SiOC2ooo-  Nevertheless, 
from  a  practical  point  of  view,  the  significant  hysteresis,  low 
coulombic  efficiency  and  low  reversible  capacity  of  the  samples 
prepared  between  1500  and  2000  °C  clearly  disqualifies  these 
samples  for  battery  application. 

The  registered  charging  and  reversible  capacity  for  the  series 
SiOCgoo-SiOCi5oo  continuously  decreases  while  voltage  profiles 
remain  similar.  This  diminution  in  charge  storage  is  related  to 
a  decrease  in  available  Li-ion  storing  sites  within  the  free  carbon 
phase.  As  found  by  Raman,  the  structural  organization  of  the  free 
carbon  increases  with  temperature  of  pyrolysis.  According  to  our 
previous  reports  [4,5]  and  findings  of  Azuma  et  al.  [13],  higher 
ordered  carbons  can  host  less  Li-ions  than  order-less  configura¬ 
tions,  meaning  that  at  lower  TP yr  the  corresponding  capacities  must 
be  higher  than  at  higher  Tpyr. 

Fig.  5  summarizes  the  average  reversible  capacity  registered  for 
SiOCgoo-SiOC2ooo  for  continuous  cycling  at  different  current  rates. 
The  average  values  are  calculated  from  10  cycles  with  a  current  of 
37  mA  g~\  20  cycles  with  74  mA  g_1  and  30  cycles  with  372  mA  g^1. 
The  error  bars  in  Fig.  5  indicate  the  standard  deviation  from  the 
average  value.  Deviation  comes  from  capacity  fading  during  cycling 
or,  for  the  samples  showing  stable  cycling  behavior  (SiOCiooo, 
SiOCnoo)  from  temperature  fluctuations  in  the  laboratory 
where  the  cells  were  tested.  Table  4  summarizes  the  calculated 
values.  Between  900  and  1200  °C,  the  measured  capacities  of  666  - 
460  mAh  g-1  for  cycling  current  37  and  74  mA  g-1  are  much 
higher  than  the  theoretical  capacity  of  graphite  (372  mAh  g_1). 
For  SiOCi3oo-SiOCi4oo  the  reversible  capacity  drops  below 
400  mAh  g-1  and  for  the  samples  SiOCi5oo-SiOC2ooo  capacity  of 
less  than  140  mAh  g-1  is  recovered  in  average. 

Among  the  studied  materials,  sample  SiOCgoo  shows  the  highest 
capacity,  but  also  the  largest  fading  during  cycling.  Within  the  first 
ten  cycles  at  37  mA  g_1,  the  recovered  charge  diminishes  from 
initially  738  to  644  mAh  g-1.  In  particular  between  the  first  and 
second  cycle  40  mAh  g-1  are  lost.  Most  probably,  this  decay  is 
related  to  a  large  amount  of  residual  hydrogen  within  the  sample, 
especially  within  the  free  carbon  phase  in  form  of  C— FI  bonds 
stemming  from  the  initial  polymer  precursor.  The  H-content  for 
a  similar  prepared  sample  at  900  °C  was  analyzed  to  1.13  wt-%  [29]. 


Fig.  5.  SiOC  average  reversible  capacity  in  dependence  of  temperature  of  pyrolysis. 
Average  values  were  calculated  from  10  cycles  at  37  mA  g_1,  20  x  74  mA  g-1  and 
30  x  372  mA  g~\  Error  bars  indicate  the  standard  deviation  from  the  average  value. 


Table  4 

SiOC  average  reversible  capacity  in  dependence  of  temperature  of  pyrolysis,  for  the 
current  rates:  37,  74  and  372  mA  g-1. 


Fpyr  [°C] 

Average  reversible  capacity  at  the  following  current  rates 

37  mA  g'1 

74  mA  g-1 

372  mA  g'1 

900 

666 

567 

300 

1000 

615 

561 

330 

1100 

521 

477 

323 

1200 

507 

460 

253 

1300 

367 

354 

268 

1400 

315 

289 

190 

1500 

135 

120 

64 

1600 

138 

117 

68 

1700 

112 

97 

56 

2000 

73 

64 

35 

According  to  Dahn  et  al.,  Li-ion  storage  in  Fl-containing  carbons 
occurs  by  Li-binding  in  the  vicinity  of  H  atoms  [12].  During  Li 
extraction,  the  original  C— FI  bonds  reform.  When  this  reforming  is 
disturbed  or  incomplete,  the  cycling  capacity  slowly  decays  with 
continuous  cycling  [12,30]. 

Among  the  investigated  sample  series,  SiOCiooo  and  SiOCnoo  are 
the  most  perspective  samples  for  potential  application  as  anode 
material.  Both  present  outstanding  properties:  High  capacity  in 
combination  with  good  high  rate  stability.  At  37  and  74  mA  g_1,  the 
average  reversible  capacity  of  SiOCiooo  (615  mAh  g-1, 561  mAh  g-1) 
is  approximately  100  mAh  g-1  higher  than  that  of  the  sample 
SiOCnoo  (512  mAh  g-1,  477  mAh  g-1).  At  a  current  rate  of 
372  mA  g-1,  values  are  quite  similar  with  330  and  323  mAh  g-1.  In 
general,  the  good  high  rate  performance  of  SiOCgoo-SiOCi3oo  can 
be  explained  by  the  intrinsic  nanostructure  of  the  ceramics,  which 
kinetically  boosts  the  Li-ions  due  to  shorten  diffusion  pathways 
[31-33].  Similar  findings  were  reported  for  nano-structured, 
carbon-rich  SiCN  ceramics  [34,35]. 

To  summarize,  the  registered  reversible  capacities  decrease  with 
temperature  of  pyrolysis  (cf.  Fig.  5)  by  two  major  contributions: 
First,  increasing  structural  organization  of  the  segregated  free 
carbon  leads  to  less  Li-ion  storing  sites.  Second,  continuous 
degradation  of  the  Si— O— C  network  reduces  the  structural  stability 
of  the  free  carbon  phase. 

4.  Conclusions 

We  demonstrated  that  the  temperature  of  pyrolysis  (Tpyr)  has 
a  significant  impact  on  the  electrochemical  properties  of  carbon- 
rich,  polyorganosiloxane  derived  SiOC  ceramics.  In  particular  the 
analyzed  capacities  were  found  to  decrease  by  structural  changes  of 
the  free  carbon  phase  from  highly  disordered  toward  partially 
graphitized  configurations.  In  consequence,  the  number  of  Li- 
storing  sites  diminishes,  since  higher  ordered  carbons  can  host 
less  Li-ions  than  orderless  configurations.  Additionally,  degradation 
of  the  stabilizing  Si-O-C  network  occurs,  by  a  solid  state  reaction 
of  Si-0  bonds  with  carbon,  resulting  in  SiC  crystallization,  growth 
of  SiC  domains  and  oxygen-loss.  This  gradual  decomposition 
reduces  the  structural  stability  of  the  free  carbon  phase,  favoring 
reduced  capacities  and  changing  voltage  profiles. 
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